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I. INTRODUCTION
The pulsed laser deposition (PLD) technique is emerging as a viable technique for preparing high-quality films of ferrite materials. Growth facilities are being set up to prepare ferrites of various compositions and structures.
Although this technique appears to be promising based upon our earlier results, ' we believe that there are still obstacles to overcome before this technique is worthy of further development. As in any new development, calibration and standardization runs are necessary in order to properly evaluate the technique itself. As such, we believe that the preparation of yttrium iron garnet (YIG) films on substrates of gadolinium gallium garnet (GGG) presents an ideal system to prepare for the purposes of calibration since there is an abundant amount of information in the literature about this system. For example, it is well known that high-quality films of YIG on GGG have been prepared by the liquid phase epitaxy (LPE) technique in the seventies. ' At the very least we would like to compare our films prepared by PLD with the films prepared by the LPE technique.
In addition, although structural and morphological studies can determine the quality of magnetic thin films, these methods do not really supply a practical indication of the quality of the films in terms of suitability for microwave device applications because the magnetic properties (e.g., magnetic resonance linewidth) are really the important figures of merit. Single-crystal YIG thin films, however, present a unique opportunity to evaluate fllm quality. Since the intrinsic linewidth of YIG is very narrow (0.25-0.5 Oe) , any broadening of the linewidth would be in large part due to surface or volume defects and/or impurities.3 Thus, linewidth measurements can:be used to determine the potential of the PLD technique for fabricating highquality ferrite thin films in general.
In this paper, we report on the magnetic and structural characteristics of epitaxial YIG films prepared by PLD on (111) GGG substrates at various ambient oxygen pressures and substrate temperatures T, . These characteristics were then compared to those measured for LPE prepared YIG films. We find that for some special conditions (300-600 mTorr with corresponding substrate temperatures of 700-850 "C) the effective magnetization was measured to be -1750 G, which is the accepted value of saturation magnetization for pure YIG.4 The FMR linewidth measured for these deposition conditions ranged from about 3 to 90 Oe, which is considerably larger than the -0.5 Oe value for pure YIG.' However, we measured narrow FMR linewidths on the order of 1 Oe or less for deposition conditions with oxygen partial pressure less than 250 mTorr and substrate temperature greater than 800 "C. For all growth conditions a uniaxia1 magnetic anisotropy is induced.
This paper is organized such that in Sec. II the PLD technique as applied to YIG is described along with the experimental techniques used. The structure, composition, and magnetic properties of the PLD YIG films are then discussed in Sec. III. Finally, we arrive at conclusions from the experimental results in Sec. IV.
II. FILM PREPARATION
YIG (Y,Fe,O,,) thin films were prepared by the pulsed laser deposition technique using a KrF excimer laser (a== 248 nm j with a 20 ns pulse width in a vacuum chamber with a base pressure of 3 X 10v6 Torr. The laser was focused to an energy density of -3 J/cm2 onto a standard polycrystalline YIG target which was rotated (6 rpm) during the deposition process. The material vaporized from the target was deposited onto 1 cm x 1 cm ( 111) single-crystal gadolinium gallium garnet (GGG) substrates bonded to a resistive heater positioned 4 cm away from the target. Films were grown at various substrate temperatures and oxygen partial pressures ranging from 700 to 850 "C and 50 to 1000 mTorr, respectively. After deposition the oxygen partial pressure in the vacuum chamber was raised to near atmosphere and the films were then cooled to room temperature. The thickness of the films was measured by both profilometer and scanning electron microscopy techniques to be -1 ym with a deposition rate of 5.5 A/s.
Structural characterization of the films was performed using glancing incidence angle x-ray diffraction (GIA XRD) from a CuK, source at an incidence angle of 2" operating at 50 kV and 150 mA. Scanning electron microscopy (SEM) was used to determine the surface morphology of the films for comparison with magnetic measurements. Energy dispersive spectroscopy (EDS) provided composition information on the films with respect to the target. Ferrimagnetic resonance (FMR) was performed using a conventional Varian &line spectrometer operating at 9.53 GHz with a cavity resonating in the TE,,, mode in addition to dc magnetic measurements using a vibrating sample magnetometer (VSM) .
Ill. RESULTS AND DISCUSSION
The GIA XRD experiments were used to investigate the phase and epitaxy of the PLD YIG films. By matching the GIA XRD spectrums of the PLD YIG films with the standard YIG powder diffraction file, it was determined that at all deposition conditions the films were single phase Y3Fe5G12. Epitaxy of the films was qualitatively determined by comparing the GIA XRD spectrum of the PLD YIG films against the GIA XRD spectrum of a highquality single-crystal LPE YIG film on a ( 111) GGG substrate, shown in Fig. 1 . The LPE YIG film exhibits two prominent diffraction peaks corresponding to the (611) and (1163) planes of YIG. Typically, these peaks were also tEmajor diffraction peaks present in the GIA XRD spectrums of the PLD YIG films, as shown in Fig. 2 for a PLD YIG film deposited at 850 "C! and 250 mTorr.
There were two cases where the GIA XRD spectrums of the LPE YIG film and PLD YIG films were markedly different. In the first case, two films deposited at 800 "C and at oxygen partial pressures of 100 and 250 mTorr, respectively, had GIA XRD spectrums which contained almost all of the diffraction lines in the standard YIG powder diffraction file, although the relative intensities were different, thus indicating that these two films were both textured polycrystalline. In the second case, films deposited at high oxygen partial pressures ( > 250 mTorr) and low substrate temperatures ( < 800 "C) exhibited additional strong YIG diffraction peaks as shown in Fig. 3 , which indicates the presence of YIG crystallites with other orientations. It was subsequently found that films deposited at a high oxygen partial pressure and low substrate temperature had large micron-sized droplets on the surface of the films. The presence of droplets as a result of using the PLD technique has been reported on extensively in the literature and is usually attributed to either the segregation of a second phase in the film or to laser target interaction parameters such as laser energy density, the optical absorption coefficient or target morphology.7-9 A second phase in the PLD YIG films can be ruled out, though, since GIA XRD results showed the films to be single phase. In addition, the composition of these droplets was the same as the surrounding film area as determined using EDS; however, it is likely that the additional YIG diffraction peaks at high oxygen partial pressure were due to the presence of these droplets. The effect of the oxygen partial pressure on the number and size of the droplets, which is much more pronounced than the effect due to substrate temperature, may be due to the expansion of oxygen gas within the porous target during the laser heating process. The result would be to eject particulates or splash material from the target and onto the film." Although we were not able to confirm the mechanism for droplet formation at high oxygen partial pressures, the reduction of particulates with a reduction in oxygen partial pressure has been previously reported for YBCO superconducting films. '* The composition, measured using EDS, as a function of oxygen pressure for films prepared at 750 "C! is shown in Fig. 4 . Only one substrate temperature is shown for clarity since the behavior of the composition at other substrate temperatures was similar. The composition was calculated by comparing the EDS spectrums of the films to an EDS spectrum of the polycrystalline YsFe,Ot, target. First, the target EDS spectrum was normalized to the film spectrum; both spectra were then background filtered and peak intensity ratios were taken. Finally, elemental concentrations were calculated from the peak ratios and the known composition of the target. An average X2 value of 0.69 between the target and film spectra indicated very good correlation between the target composition and the composition of the films at all deposition conditions. The composition as a function of oxygen pressure is within a few atomic molar percent of stoichiometric with respect to the target and is not dependent on the oxygen partial pressure or the substrate temperature. This is consistent with the x-ray diffraction data, which showed no other phases present in the films.
Ferrimagnetic resonance measurements were performed on the films in order to determine the effective magnetization, 43~&f~s, the effective Land& g factor, g,, and the FMR linewidth, AH, for the YIG films. The mea- over the range of deposition conditions. The results indicate a strong dependence on oxygen partial pressure and a lesser dependence on substrate temperature. Since YIG has relatively small cubic anisotropy terms, 4?rMef should approximately equal 47~M~. The variations of 4rrMe, from 1750 G were assumed to be due to HA and not 4a-Ms since the x-ray diffraction data showed the films to be single-phase YIG. The curve at 800 "C deviates from the overall trend at 100 and 250 mTorr such that 45-M,, is much closer to the expected value of 471-M,. It was discussed previously that the films grown under these deposition conditions were polycrystalline with some degree of orientation. This indicates that the changes in 4n-MeE are in large part due to a magnetocrystalline anisotropy field, which agrees with our earlier assumptions. Therefore, at low oxygen partial pressures H,d was found to be negative. This implies that the easy axis of magnetization is in ,the film plane. However, at high oxygen partial pressures HA was positive, implying an easy axis of magnetization perpendicular to the film plane. In either case, the symmetry axis is perpendicular to the film plane.
In order to verify the existence of an induced anisotropy field at low and high oxygen partial pressures, respectively, hysteresis curves were measured for the films using a VSM with the dc magnetic field applied parallel and perpendicular to the film plane. In the perpendicular case, the "knee" of the hysteresis curve is approximately equal to 4n-MeE and exhibited the same dependence on oxygen partial pressure as discussed previously for the FMR results. The coercive field H, for this case was about 15 Oe for all the films. If the previous assumption about the uniaxial axis is correct, then there should also be a change in the magnetic field required to saturate samples prepared at different oxygen pressures with the dc magnetic field applied in the plane of the film. When the easy axis of magnetization is in the lilm plane, there are no demagnetizing fields or anisotropy fields to overcome in order to saturate the film; therefore, the hysteresis curve should be relatively square. On the other hand, if the easy axis of magnetization is perpendicular to the film plane, then the magnetic field required to saturate the sample should increase while the squareness decreases. This is consistent with the hysteresis measurements which showed an increase in the magnetic field required for saturation with an increase in oxygen partial pressure. The two hysteresis curves shown in Fig. 6 for films prepared at 50 and 1000 mTorr are illustrative of the effect.
The FMR linewidth AH of the films measured in the experiments was found to vary with oxygen partial pressure and substrate temperature. In general, at high oxygen pressures and low substrate temperatures the linewidth was largest ( ~90 Oe), while at low pressures and high substrate temperatures the linewidth was significantly reduced to -1 Oe (see Fig. 7) ; thus indicating an improve- ment in crystal quality. The linewidth was possibly narrower, but due to poor dc magnetic field stability the ultimate linewidth measurable was limited by our FMR system. For example, the linewidth of the LPE YIG films was also found to be -1 Oe using the same experimental setup, which agrees well with linewidth values in the literature.4-6 The narrowest linewidths were measured at oxygen partial pressures below about 250 mTorr. The dependence of the linewidth on pressure is consistent with the formation of the micron-sized droplets on the surfaces of the films at pressures above 250 mTorr, as evidence by the SEM micrograph in Fig. 8 (a) . At oxygen partial pressures below 250 mTorr, the number and size of the droplets on the film surfaces was significantly reduced, as seen in Fig.  8(b) . The linewidth also in general decreases with an increase in substrate temperature which also exhibits a decrease in droplet size and density on the film surface. These droplets would presumably play the same role as pits in increasing the linewidth and in large part explain the change in linewidth with pressure and temperature. Similar to the graph of 4?mMer as a function of oxygen partial pressure, the linewidth curve for films prepared at 800 "C and at oxygen pressures of 100 and 250 mTorr also deviated from the overall trend. This is to be expected since polycrystalline materials have a larger linewidth than single crystals of the same material.
IV. CONCLUSION
Epitaxial YIG films can be grown under a wide range of conditions by PLD. Narrow linewidth films, however, which implies high-quality single crystals free of volume and surface defects require a low oxygen partial pressure and high substrate temperature during the deposition process. YIG films prepared under these deposition conditions exhibited linewidths which compared well with LPE prepared YIG films. In both cases, the narrowest linewidth measured was -1 Oe; this is slightly larger than the narrowest value reported in the literature for pure singlecrystal YIG.6
Since the composition data and x-ray diffraction data showed the films to be stoichiometric and single phase under all deposition conditions investigated, it was assumed that the saturation magnetization was in agreement with the bulk value of 1750 G and did not vary with deposition conditions. Variations in the resonant condition and fields necessary for saturation were found to be due to a growthinduced uniaxial anisotropy field which varied in direction and magnitude as a function of ambient oxygen pressure and substrate temperature. At low oxygen partial pressures the maximum HA was measured to be -850 Oe while at high oxygen pressures HA= +650 Oe.
The exact origin of the uniaxial magnetic anisotropy observed in the PLD YIG lllms could not be determined from the experimental results of this study. In general, garnet films can have a uniaxial magnetic anisotropy attributable to both a stress term and a growth induced term which are affected by such factors as lattice mismatch, doping concentration, and supercooling. l&15 Typically the stress-induced term is less sign&ant than the growthinduced term and indeed in the case of the PLD YIG fllms, annealings at 700, 800, and 900 "C for 2 h each produced no change in the magnetic properties of the films. This agrees with our earlier assumption based on the GIA XRD results that the changes in 4rrMeff as a function of oxygen partial pressure were growth induced. However, in order to understand the role of oxygen partial pressure, which has the greatest effect on the magnitude of the uniaxial magnetic anisotropy field, more detailed microstructural studies of the PLD YIG films are required.
The results of this study demonstrate that the PLD technique can produce high-quality ferrite thin films. However, there are other crucial steps which need to be taken in order to achieve PLD ferrite films applicable for microwave devices, such as the potential for growing thicker films by PLD and the problem of producing films of a uniform thickness over large areas. If PLD is capable of overcoming these problems, then indeed PLD is an advantageous technique for preparing ferrite films.
